Carbohydrate, phenolic and antioxidant level in relation to chlorophyll a content in oilseed winter rape (Brassica napus L.) inoculated with Leptosphaeria maculans by Katarzyna Hura et al.
Carbohydrate, phenolic and antioxidant level in relation
to chlorophyll a content in oilseed winter rape
(Brassica napus L.) inoculated with Leptosphaeria maculans
Katarzyna Hura & Tomasz Hura & Kinga Dziurka &
Michał Dziurka
Accepted: 11 May 2015 /Published online: 19 May 2015
# The Author(s) 2015. This article is published with open access at Springerlink.com
Abstract The relationships between the level of chloro-
phyll a, and the content of soluble carbohydrates, pheno-
lics and low molecular antioxidants in the leaves of three
oilseed winter rape varieties with different resistance to
Leptosphaeria maculans were determined. During path-
ogenesis, an increase in the content of chlorophyll a in the
resistant and medium-sensitive rape varieties was ob-
served. In these varieties, the level of chlorophyll a
significantly correlated with the content of primary me-
tabolites in the form of soluble sugars, as well as with the
level of free and cell wall-bound phenolics, and low-
molecular antioxidants. In contrast, a decrease in soluble
carbohydrates, observed during the pathogenesis in the
susceptible variety, was accompanied by lower level of
chlorophyll a and with high activity of reactive oxygen
species. Significant correlations were also confirmed for
the cell wall-bound phenolics and water content in the
leaves of the resistant and medium-sensitive variety.
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Introduction
Stem canker attacking the cruciferous plants is one of the
most dangerous and the most common fungal diseases of
an oilseed rape (Dawidziuk et al. 2012; Liu et al. 2014). A
fungus causing this disease, Leptosphaeria maculans
[anamorph: Phoma lingam (Tode ex Fr.) Desm.] may
attack the rape throughout the whole growing period.
Visible symptoms of infestation of the aboveground plant
organs involve characteristic yellowish or light gray spots
with black dots called pycnidia that contain conidia. As a
plant grows, the spots become larger and deeper, leading
to premature maturation of plants or, if the disease attacks
a stem, to conidia germination and consequently huge
losses in yield (Abuamsha et al. 2011).
Substantial knowledge on the epidemiology of
L. maculans has been gathered, however, the information
on the biochemical response of the oilseed rape at early
stages of infection, before the infestation symptoms be-
come visible, is still limited (Hura et al. 2014a).
L. maculans is a hemibiotrophic pathogen, which in the
initial phase of infestation may behave as a biotrophic
fungus (Šašek et al. 2012), but also a necrotrophic one
(Jindřichová et al. 2011; Hayward et al. 2012). An im-
portant element of a necrotrophic infestation is the stim-
ulation of the attacked tissues to reactive oxygen species
(ROS) production, which cause cell death and facilitate
the infestation of healthy plant tissues (Torres 2010). It
should be mentioned that necrotrophs can control plant
metabolism by secreting specific proteins that induce
defense mechanisms typical for biotrophs (Oliver and
Solomon 2010). A result of this ‘tricking’ of the host
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plant may be a less effective response in the form of
activated biochemical defense mechanisms.
At the initial stage of pathogenesis L. maculans is a
necrotroph and it benefits from the overproduction of
ROS, which are toxic to the plant cellular structures,
including the photosynthetic apparatus (Mayer et al.
2001). In our previous work we described the changes in
the activity of the photosynthetic apparatus and chloro-
phyll content in the cotyledons of winter rape growing on
an agarmedium containing a toxic culture of L.maculans /
L. biglobosa filtrates (Hura et al. 2014b, c). Reactive
oxygen species are claimed to be the main cause of
chlorophyll degradation, and this is in turn one of the
symptoms of progressive cell death (Mur et al. 2010). It
is well known that chlorophyll level is crucial for the
activity of the photosynthetic apparatus, and hence, indi-
rectly, for the level of carbohydrates (primary metabolites)
that are the basis for the synthesis of secondarymetabolites
(including phenolic compounds), influencing the plant-
fungal pathogen interaction (Hura et al. 2014d). The phe-
nols that form cross-bridges between the call wall carbo-
hydrates are an important element of a plant defense
against a fungal pathogen. These compounds bind to the
cell wall carbohydrates with ester and/or ether bonds.
Saturation of the cell wall with phenolic compounds
makes it more compact and impenetrable, and thus a more
effective barrier separating a fungal pathogen from a plant
cell interior (Santiago et al. 2009). Moreover, reinforced
cell wall prevents water loss by healthy plant cells (Hura
et al. 2012). Proper cell hydration improves the effective-
ness of enzymatic and non-enzymatic antioxidants, as well
as the solubility of the primary and secondary metabolites.
The aim of this study was to determine the relation-
ships between the level of chlorophyll a, and the content
of soluble sugars, free and cell wall-bound phenolics
and low molecular antioxidants in the leaves of seed-
lings of three winter rape varieties with different resis-
tance to Leptosphaeria maculans. In contrary to our
previous works (Hura et al. 2014a, b) all biochemical
analyzes were performed 7 and 14 days after inoculation
with L. maculans spores. Our research hypothesis is
based on an assumption that the level of chlorophyll a
may be important for increasing the efficiency of de-
fense mechanisms in the plants inoculated with the
spores of L. maculans. Apart from the biochemical
analyses, we also investigated the interaction between
different winter rape varieties and L. maculans based on
histochemical determination of superoxide anion con-
tent and the activity of chitinase and β-1,3-glucanase.
Both enzymes belong to a group of PR proteins, and
their function is to destroy the cell wall of a fungal
pathogen (Żur et al. 2013).
Materials and methods
Plant materials and stress treatment
The experiments involved three varieties of winter rape
(Brassica napus L.) with different susceptibility to
L. maculans infection: cv. Bojan (sensitive), cv. Lisek
(medium-sensitive), and cv. ‘Liclassic’ (resistant).
Susceptibility to fungal infection was based on field
trials carried out in Polish conditions, breeding observa-
tions and own experiments, whose results have been
published (Hura et al. 2014a, b, c, d). The plants were
grown in plastic pots (15 cm in diameter, 18 cm in
height) filled with a mixture of soil, peat and sand
(2:1:1 v/v/v). Until the inoculation the plants were main-
tained in an air-conditioned greenhouse at a temperature
of 16 °C (±2 °C) day/night and air humidity 50 %. The
plants were illuminated (12 h light/12 h dark) with
PPFD (photosynthetic photon flux density) of about
150–160 μmol m−2·s−1.
The plants, at a stage of two cotyledons and one leaf,
were inoculated with Leptosphaeria maculans spores,
as described by Jędryczka et al. (1991). The isolate
(DH28) of L. maculans fungus, was obtained from the
Institute of Plant Genetics PAS in Poznań. There were
two injection points per a cotyledon. Each half of a
cotyledon was centrally injected with 10 μl of the inoc-
ulum with a density of 1.5×107 spores per 1 ml, and the
control seedlings were injected with 10 μl of sterile
water. The seedlings were injected at a shady place, at
a temperature of 18 °C and relative humidity of 80 %.
Measurements
The measurements were performed 7 and 14 days after
the inoculation. The analyses involved the first true leaves
that were not directly inoculated. The whole true leaf from
a single seedling was collected for a single sample. The
biochemical analyses were performed in five replicates. A
replication means the whole true leaf from a single seed-
ling (e.g., five replicates means five leaves from five
seedlings). In total, about 70 seedlings of each cultivar
were used in the biochemical analysis. Quantitative anal-
yses (carbohydrates, phenols, antioxidants) were carried
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out using freeze-dried plant material. Before lyophiliza-
tion, three discs were cut out from each leaf for osmotic
potential measurements. Then, each leaf was weighed and
freeze-dried. After freeze-drying the leaves were re-
weighted and powdered using the Qiagen grinder
(TissueLyser II, Germany). The powdered leaf material
served as a source of three 5 mg samples for the analysis
of sugars, phenolic compounds and antioxidants.
Summing up, for each individual leaf we determined its
water content, osmotic potential, and the level of sugars,
phenolic compounds and antioxidants.
Detection of superoxide radical (O2
•-)
Detection of superoxide radical (O2
•-) was done accord-
ing to Doke and Ohashi (1988). The plant samples were
infiltrated in darkness for 20 min under the pressure of
0.8 MPa with 0.5 % (w/v) nitroblue tetrazolium (NBT)
containing 10 mM potassium phosphate buffer (pH 7.0)
and 0.005 % (w/v) Triton X-100. Then, the samples
were exposed to light for 15 min and after that rinsed
with hot ethanol (96 %) to remove chlorophyll from the
tissues. O2
•-accumulation, manifested by dark blue
spots, was scanned.
Activity of β-1,3-glucanase (EC 3.2.1.39) and chitinase
(EC 3.2.1.14)
Activity of β-1,3-glucanase was determined according
to the procedure given by Fink et al. (1988), using the
Somogyi reagent (Somogyi 1952), and the Nelson re-
agent (Nelson 1944). The amount of glucose released
from laminarin by the enzyme present in the plant
extract was determined spectrophotometrically at
540 nm. The activity of β-1,3-glucanase was expressed
in katals per gram of fresh weight. The measurements
were taken in five replicates.
Chitinase activity was analyzed according to the pro-
cedure provided by Legrand et al. (1987). The amount of
N-acetyl-glucosamine (Glc-Nac) released from chitin by
the enzyme present in the plant extract was determined
spectrophotometrically at 585 nm. Chitinase activity was
expressed in nanokatals per gram of fresh weight. The
measurements were taken in five replicates.
Leaf water content and osmotic potential
Leaf water content (LWC) was assessed by quantitative
sampling of leaf fresh weight (LFW), followed by
lyophilization for 72 h with Freeze Dry System/
Freezone®4.5 (Labconco, USA). The resulting leaf dry
weight (LDW) was measured and the water content was
calculated according to the following equation and
expressed as a percentage:
LWC ¼ LFW− LDWð Þ= LFWð Þ  100%
the measurements of LWC were taken in five
replicates.
Leaf osmotic potential wasmeasured using a dew point
microvoltmeter (Wescor Inc., USA), equipped with leaf
sample chambers C-52 (Wescor Inc., USA). Themeasure-
ments were performed on paper discs 5 mm in diameter,
soaked with a cell juice squeezed with a syringe from the
collected leaf discs (5mm in diameter). Themeasurements
were taken in a dew point mode in five replicates.
Total carbohydrate content
Total content of carbohydrates was estimated by anthrone
method according to Ashwell (1957). Sugar extraction
from plant samples was performed using 96 % ethanol.
The absorbance was measured spectrophotometrically at
490 nm. Glucose was used to prepare the calibration
curve. The measurements were taken in five replicates.
Phenolics analysis
The total content of soluble and cell wall-bound pheno-
lics was estimated according to Singleton and Rossi
(1965), with the use of Folin-Ciocalteu reagent.
Phenolics were extracted with 80 % ethanol. Cell-wall
bound phenolics (ester- and ether-bond fraction) were
removed from the insoluble material by alkaline hydro-
lysis (NaOH 3 N) according to Hura et al. 2012. The
absorbance was measured at 760 nm. Chlorogenic acid
was used to prepare the calibration curve. The measure-
ments were taken in five replicates.
Low-molecular antioxidants
Quantitative analysis of low-molecular antioxidants was
performed using 1,1-diphenyl-2-picrylhydrazyl
(DPPH), according to Pieroni et al. (2002). First, 3 ml
of DPPH were added to 100 μl of plant extract. After
30 min the sample absorbance was measured at 515 nm.
Ascorbic acid was used to prepare the calibration curve.
The measurements were taken in five replicates.
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Chlorophyll and carotenoids content
The content of the assimilation pigments were deter-
mined in ethanol (96 %) extracts. Absorbances at 663,
646 and 470 nm were read and the concentration of
chlorophyll and carotenoids was then calculated as de-
scribed by Lichtenthaler and Wellburn (1983). Analysis
of chlorophyll and carotenoids were completed in five
replicates.
Average severity index (ASI)
Severity of infection was estimated 35 days after inoc-
ulation, using the visual rating system (0–5) described
by Hartman et al. (1984), where: 0 - plant without
symptoms; 1-trace symptoms; 2 - less than half of the
leaves infected; 3 - half of the leaves with disease
symptoms; 4 - more than three-quarters of the leaves
infected; 5 - whole plant infected. ASI was calculated
according to the formula:
ASI ¼ n 0ð Þ þ n 1ð Þ þ… n 5ð Þ½   N−1;
where n is the number of plants regarding to each
disease rating (0–5) and N is the total observations. ASI
was calculated as an average from seven pots (five
plants in pot, each pot means one replicate). Increased
values of ASI mean a decrease in plant resistance to
L. maculans.
Statistical analysis
The results were statistically evaluated with the help of
Statistica software for Windows, version 9.0. Analysis
of variance was used to determine the main effects of
inoculation on the biochemical parameters within each
studied cultivar. Duncan’s multiple range test at the 0.05
probability level was performed to determine the signif-
icance of differences among treatment means within
each cultivar and between cultivars in the case of ASI.




Due to the limited amount of plant material, a histo-
chemical detection of superoxide anion in the
cotyledons was performed 24 h after the inoculation
and 14 days later in the true leaves.
Twenty four hours after the inoculation an increase in
superoxide anion content was detected in the cotyledons
of the investigated winter rape cultivars, as compared
with healthy seedlings (Fig. 1). The presence of super-
oxide anion was also detected in the control seedlings,
with the highest level in ‘Bojan’ cultivar, and this was
probably caused by the injury related stress during leaf
injection. After 14 days from the inoculation, the
greatest accumulation of O2
• - was observed in the
leaves of ‘Bojan’ cultivar, with slightly lower values
for ‘Lisek’ cultivar. The lowest level of superoxide
anion was detected in L. maculans inoculated leaves of
‘Liclassic’ cultivar.
Activity of β-1,3-glucanase and chitinase
Glucanase activity in ‘Bojan’ cultivar was similar to the
healthy plants 7 days after the inoculation and signifi-
cantly lower 14 days after the inoculation (Table 1). In
‘Liclassic’ cultivar an increased β-1,3-glucanase activ-
ity was noticed both 7 and 14 days after the inoculation,
and in ‘Lisek’ plants only 7 days following the
inoculation.
Chitinase activity in ‘Bojan’ cultivar was higher
7 days after the inoculation. In the other two cultivars
chitinase activity was significantly higher than that ob-
served for the control plants 7 and 14 days after the
inoculation. It should be emphasized that the activity of





Fig. 1 Histochemical identification of superoxide radicals (O2
•-)
in the cotyledons 24 h after the inoculation and in the true leaves
14 days after the inoculation with L. maculans spores. C refers to
control plants; I to inoculated plants
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times higher than that calculated for control ‘Bojan’ and
‘Lisek’ plants.
Leaf water content (LWC), leaf osmotic potential (ΨO)
and soluble carbohydrate content (SC)
Leaf water content (LWC) in ‘Bojan’ seedlings 7 and
14 days after the inoculation did not change significant-
ly compared to the healthy plants (Table 2). A signifi-
cant increase in water content was observed in the leaves
of ‘Liclassic’ cultivar both 7 and 14 days after the
inoculation, and 14 days following the inoculation in
‘Lisek’ cultivar.
No significant changes in osmotic potential (ΨO)
were recorded for ‘Bojan’ leaves (Table 2).
Statistically significant and considerable increase
in the osmotic potential was observed 7 and
14 days after the inoculation in ‘Bojan’ plants. In
‘Lisek’ cultivar the increase was also significant, but
less spectacular.
Figure 2 shows the resulting relationships between
LWC and ΨO for winter rape cultivars 7 and 14 days
after the inoculation. The correlations were statistically
significant for ‘Liclassic’ (Fig. 2b) and ‘Lisek’ plants
(Fig. 2c), and in the first cultivar enhanced LWC was
accompanied by higher osmotic potential. On the con-
trary, in ‘Lisek’ cultivar increased LWC was accompa-
nied by a decrease in the osmotic potential.
The changes in LWC and ΨO were associated with
changes in the content of soluble carbohydrates (SC)
(Table 2). In ‘Bojan’ cultivar, SC content was signifi-
cantly lower than that observed in the control plants
14 days after the inoculation. An opposite tendency
was noticed in ‘Liclassic’ and ‘Lisek’ plants. In the first
cultivar, an increase was noticed both 7 and 14 days
after the inoculation and in ‘Lisek’ plants 14 days fol-
lowing the inoculation.
Statistically significant correlations were found be-
tween the content of soluble sugars and osmotic poten-
tial in the inoculated leaves of ‘Liclassic’ (Fig. 3b) and
Table 1 Changes in the activity of β-1,3-glucanase (G; [Kat g–1 (FW)]) and chitinase (Ch; [nKat g–1 (FW)]) observed 7 and 14 days after
the inoculation (I) with L. maculans spores in the leaves of studied cultivars
‘Bojan’ ‘Liclassic’ ‘Lisek’
C I C I C I
G 7 3.16±0.17a 2.87±0.26a 2.03±0.21a 3.83±0.36b 1.78±0.07a 2.56±0.18b
14 2.99±0.18a 1.40±0.10b 2.08±0.19a 4.01±0.25b 1.55±0.13a 1.43±0.16a
Ch 7 55.3±5.4a 72.4±6.1b 155.6±7.6a 245.8±8.3b 65.7±5.9a 102.1±3.0b
14 54.0±3.5a 49.2±4.7a 146.1±8.7a 290.6±10.1c 56.9±6.7a 136.2±6.4c
C represents control plants. Data are means±SE. Means indicated with the same letters within cultivar are not significantly different
(P=0.05)
Table 2 Changes in the leaf water content (LWC; [%]), leaf osmotic potential (ΨO; [MPa]) and soluble carbohydrates content (SC) observed
7 and 14 days after the inoculation (I) with L. maculans spores in the leaves of studied cultivars
‘Bojan’ ‘Liclassic’ ‘Lisek’
C I C I C I
LWC 7 88.3±1.77a 89.6±1.69a 86.1±1.36a 94.2±1.00b 91.2±1.47a 90.7±1.10a
14 89.0±1.79a 89.5±1.86a 86.9±1.32a 93.8±1.23b 91.9±1.20a 96.4±0.78b
ΨO 7 −0.74±0.039a −0.76±0.028a −0.58±0.030a −1.04±0.035b −0.72±0.031a −0.74±0.039a
14 −0.75±0.027a −0.78±0.036a −0.56±0.038a −1.03±0.077b −0.73±0.032a −0.89±0.036b
SC 7 34.6±1.29a 36.9±0.77a 33.7±1.05a 43.8±1.00b 33.7±1.29a 35.8±1.40a
14 35.7±0.94a 28.9±1.04b 32.1±2.08a 47.0±1.51b 33.5±1.33a 42.7±1.33b
C represents control plants. Data are means±SE. Means indicated with the same letters within cultivar are not significantly
different (P=0.05)
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‘Lisek’ cultivars (Fig. 3c). In both cases, higher osmotic
potential corresponded to an increase in the content of
soluble sugars.
Changes in the content of phenolic compounds
and low-molecular antioxidants
In the inoculated ‘Bojan’ seedlings the level of soluble
phenolic compounds (SPh) after 7 days was close to that
recorded for the control seedlings and was significantly
lower after 14 days (Table 3). In ‘Liclassic’ cultivar SPh
content was significantly higher 7 and 14 days after the
inoculation. The same increase in SPh was recorded
after 14 days in ‘Lisek’ plants.
The level of cell wall-bound phenolics (CWPh) in
‘Bojan’ cultivar did not change either 7 or 14 days after
the inoculation with the fungal spores (Table 3). In
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Fig. 2 Correlations between the leaf osmotic potential (ΨO) and
leaf water content (LWC) in the leaves of cv. Bojan (a), cv.
Liclassic (b) and cv. Lisek (c). Black squares – 7 days after the
inoculation; gray circles – 14 days after the inoculation. The lines
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Fig. 3 Correlations between the leaf osmotic potential (ΨO) and
soluble carbohydrates content (SC) in the leaves of cv. Bojan (a),
cv. Liclassic (b) and cv. Lisek (c). Black squares – 7 days after the
inoculation; gray circles – 14 days after the inoculation. The lines
represent linear adjustment at a probability level P<0.05
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higher 7 and 14 days after the inoculation, and in ‘Lisek’
plants raised CWPh was observed 14 days after the
inoculation with L. maculans spores.
Figure 4 shows the correlations between LWC and
CWPh. Statistically significant correlation was found
after 14 days from the inoculation of ‘Liclassic’ cultivar
(Fig. 4b) with the fungal spores, and after 7 and 14 days
for ‘Lisek’ cultivar (Fig. 4c). In both of these cultivars
an increase in the leaf water content was correlated with
enhanced CWPh content.
Statistically significant correlations between SC and
SPh and CWPh were reported only in ‘Liclassic’ plants
(Fig. 5b and e) 7 and 14 days after the inoculation. Higher
level of both types of phenolic compounds found in this
cultivar correlated with an increase in the content of
soluble sugars. The relationships calculated for ‘Bojan’
cultivar (Fig. 5a and d) were statistically insignificant. In
the case of ‘Lisek’ cultivar significant correlations were
obtained only after 14 days from the inoculation and an
increase in SC content corresponded to an increase in SPh
(Fig. 5c) and a decline in CWPh (Fig. 5f).
LMA content in ‘Bojan’ cultivar was significantly
lower than that observed for the healthy plants 7 and
14 days after the inoculation with L. maculans spores
(Table 3). LMA content in ‘Liclassic’ plants was signif-
icantly higher 7 and 14 days after the inoculation. In
‘Lisek’ cultivar increased content of low-molecular an-
tioxidants was recorded 14 days after the inoculation.
Content of assimilation pigments
The content of the assimilation pigments in ‘Bojan’
cultivar was significantly lower than that recorded for
the control plants 7 and 14 days after the inoculation
with L. maculans spores (Table 4). At the same time, the
healthy ‘Bojan’ plants were characterized by a higher
content of chlorophyll and carotenoids than ‘Liclassic’
and ‘Lisek’ cultivars. A significant increase in the as-
similation pigments was observed in ‘Liclassic’ cultivar
after 7 and 14 days, and in ‘Lisek’ plants 14 days after
the inoculation.
Significant relationships between the content of chlo-
rophyll a and SC, SPh, CWPh, and the LMAboth after 7
and 14 days from the inoculation were observed only in
‘Liclassic’ plants (Fig. 6). Increased content of chloro-
phyll a in ‘Liclassic’ cultivar corresponded to an increase
in sugars (Fig. 6b), phenols (Fig. 6e and h), and LMA
level (Fig. 6k). The relationships calculated for ‘Bojan’
cultivarwere statistically insignificant. In ‘Lisek’ cultivar
significant correlations were observed mainly 14 days
after the inoculation with L. maculans spores. Increased
content of chlorophyll a in ‘Lisek’ cultivar was accom-
panied by higher level of carbohydrates (Fig. 6c), SPh
(Fig. 6f), LMA (Fig. 6l) and a decrease in CWPh
(Fig. 6i). Only the relationship between chlorophyll a
and SC content 7 days after the inoculation was statisti-
cally significant (Fig. 6c) in ‘Lisek’ cultivar.
L. maculans susceptibility
Average severity index (ASI) calculated 35 days after
inoculations with L. maculans spores is shown in
Table 5. Fungal pathogen susceptibility was in ‘Bojan’
cultivar (ASI=3.64) significantly higher than that record-
ed for ‘Liclassic’ (ASI=1.15) and ‘Lisek’ (ASI=2.11)
plants (they demonstrated a lower degree of infection).
Table 3 Changes in the content of soluble phenolics (SPh;
[mg g–1 (DW)]), cell wall-bound phenolics (CWPh; [mg g–1
(DW)]) and low-molecular antioxidants (LWC; [mg g–1 (DW)])
observed 7 and 14 days after the inoculation (I) with L. maculans
spores in the leaves of studied cultivars
‘Bojan’ ‘Liclassic’ ‘Lisek’
C I C I C I
SPh 7 26.5±0.69ab 30.3±0.90a 22.0±1.10a 35.1±1.73b 19.4±0.91a 19.4±1.31a
14 27.5±2.59a 22.8±0.28b 21.3±0.89a 36.8±1.95b 20.5±0.58a 27.9±0.69b
CWPh 7 4.51±0.27a 4.23±0.29a 4.10±0.31a 6.40±0.22b 3.07±0.22a 3.63±0.26a
14 4.20±0.33a 4.22±0.35a 3.96±0.28a 9.79±0.30c 2.96±0.30a 5.24±0.37b
LMA 7 63.8±4.81a 47.6±2.88b 127.6±6.8a 277.7±9.3b 149.7±8.5a 135.3±9.7a
14 62.7±4.60a 50.1±3.29b 136.7±9.9a 277.2±22.7b 158.1±11.4a 359.1±40.9b
C represents control plants. Data are means±SE. Means indicated with the same letters within cultivar are not significantly different
(P=0.05)
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Discussion
The literature describing Brassica napus - Leptosphaeria
maculans pathosystem contains contradictory data on the
parasitic strategy of L. maculans at the initial phase of
infection. Hammond and Lewis (1987) showed that
L. maculans, being a hemibiotroph, can act as a biotroph
at the beginning of the infection and switch to a
necrotrophic mode at the later stages of pathogen-
esis. However, recent works indicate that at an
early stage of plant infection L. maculans can be
a necrotroph, then it enters a long biotrophic stage, and
finally it switches back to the necrotrophic stage
(Rouxel and Balesdent 2005; Jindřichová et al. 2011;
Hayward et al. 2012). Furthermore, it was shown that
some fungi at their necrotrophic stage can manipulate
the host plant by secreting specific effector pro-
teins that may affect the host metabolism in a
manner typical for biotrophs (Oliver and Solomon
2010). The described plasticity of L. maculans life
cycle at early stages of infection may result in an
incorrect selection of resistant cultivars, if the se-
lection is based only on the observed symptoms of the
disease. Therefore, an identification of reliable biochem-
ical or physiological indicators of rape resistance to
L. maculans would provide the farmers with an addi-
tional tool that, in addition to molecular biology
methods, would help them to evaluate the cultivars for
their sensitivity to this pathogen.
In our earlier experiments we found that the toxins
excreted to a medium by L. maculans can change the
activity of the photosynthetic apparatus, including the
level of assimilation pigments in the cotyledons of winter
rape (Hura et al. 2014b, c). The results presented in this
paper indicate increased content of chlorophyll a during
pathogenesis in the resistant ‘Liclassic’ and mildly resis-
tant ‘Lisek’ cultivars after the inoculation with the fungal
spores (Table 4). An increase of chlorophyll a content in
non-directly infected the first true leaves after inoculation
could evidence rather to a systemic defence response.
However, it should be underlined that pathogenic fungi
can stimulate host metabolic activity (Scholes and Farrar
1986; Roberts and Walters 1988) including e.g., increase
in the level of photosynthetic pigments. In ‘Liclassic’ and
‘Lisek’ plants, the level of chlorophyll a correlated with
the level of primary metabolites in the form of soluble
carbohydrates (SC), as well as with the level of phenols
and low-molecular antioxidants (Fig. 6). In the sensitive
‘Bojan’ cultivar a decline in carbohydrate content 14 days
after the inoculation (Table 2) was accompanied by a
decrease in chlorophyll content, which may be regarded
as one of the signs of a destructive action of reactive
oxygen species, including superoxide anion (Fig. 1).
The other possible causes for the reduction in the level
of carbohydrates can be due to a decline in the content/
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Fig. 4 Correlations between the leaf water content (LWC) and the
content of cell wall-bound phenolics (CWPh) in the leaves of cv.
Bojan (a), cv. Liclassic (b) and cv. Lisek (c). Black squares –
7 days after the inoculation; gray circles – 14 days after the
inoculation. The lines represent linear adjustment at a probability
level P<0.05
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photosynthesis (Chou et al. 2000). Mur et al. (2010)
showed that reactive oxygen species caused chlorophyll
degradation in the course of Pseudomonas syringae in-
fection and that light-excited products of chlorophyll deg-
radation, e.g., pheophorbide a (Pheide) may be an addi-
tional source of ROS. It was suggested in several other
studies that pheophorbide a can act as a photosensitizer
that generates ROS in response to light (Tanaka et al.
2003; Hörtensteiner 2004; Pruzinska et al. 2005; Tanaka
and Tanaka 2006). Pheophorbide a content was not
analyzed in this study. A decline in chlorophyll a in the
sensitive ‘Bojan’ cultivar, accompanied by high levels of
O2
•- 14 days after the inoculation, may be the initial
symptoms of cellular death. Chou et al. (2000) showed a
similar decrease in chlorophyll content during infection of
Arabidopsis thaliana leaves with Albugo candida (white
blister rust). The decrease in chlorophyll content evoked
by pathogenic fungi was also observed by other authors
(Rasmussen and Sheffer 1988; Moriondo et al. 2005;
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Fig. 5 Correlations between the content of soluble phenolics
(SPh; A, B, C), the cell wall-bound phenolics (CWPh; D, E, F)
and the content of soluble carbohydrates (SC) in the leaves of
studied cultivars.Black squares – 7 days after the inoculation; gray
circles – 14 days after the inoculation. The lines represent linear
adjustment at a probability level P<0.05
Table 4 Changes in the content ([mg g–1 (DW)]) of chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (Chla+b) and carotenoids
(Crts) observed 7 and 14 days after the inoculation (I) with L. maculans spores in the leaves of studied cultivars
‘Bojan’ ‘Liclassic’ ‘Lisek’
C I C I C I
Chl a 7 40.0±0.55a 35.2±1.24b 30.6±1.64a 37.5±0.98b 28.7±0.48a 29.5±1.14a
14 39.9±1.28a 26.5±1.32c 32.8±1.11a 41.4±1.00c 28.1±1.13a 33.5±0.77b
Chl b 7 11.9±0.28a 11.2±0.45a 8.6±0.36a 10.9±0.43c 8.4±0.38a 8.2±0.37a
14 11.5±0.46a 9.0±0.68b 9.8±0.38b 12.1±0.14d 8.8±0.34a 11.0±0.71b
Chl a+b 7 52.0±0.40a 46.4±1.24b 39.3±1.95a 48.4±1.35b 37.1±0.77a 37.7±1.49a
14 51.4±1.68a 35.5±1.91c 42.6±1.46a 52.5±1.28b 36.8±1.31a 44.4±1.45b
Crts 7 11.6±0.16a 10.2±0.17b 8.2±0.60a 10.2±0.23bc 8.3±0.15a 8.6±0.33a
14 11.3±0.32ab 7.3±0.59c 9.1±0.53 ac 11.3±0.44b 7.3±0.45b 8.7±0.30 ac
C represents control plants. Data are means±SE. Means indicated with the same letters within cultivar are not significantly different
(P=0.05)
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Apart from ROS, other significant predictors of host-
pathogen interaction are pathogenesis related (PR) pro-
teins (Scherer et al. 2005). Enhanced activity of
chitinase and β-1,3-glucanase (Table 1) observed in this
experiment 7 and 14 days after the inoculation with
L. maculans spores is probably a manifestation of the
systemic plant response to the infection, and not a sign
of the fungal pathogen growth in the plant cells. During
the experiment and the course of the pathogenesis no
visible disease symptoms were observed on the true, not
directly inoculated leaves. Increased activity of chitinase
and β-1,3-glucanase was also reported in other studies
concerning the effects of pathogenic fungi on plants
(Mauch et al. 1988; Hwang et al. 1997; Krishnaveni
et al. 1999; Gupta et al. 2013; Hura et al. 2014c).
The content of soluble carbohydrates considerably
affects the secondary metabolism activity, involving,
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Fig. 6 Correlations between the content of soluble carbohydrates
(SC; a, b, c), soluble phenolics (SPh; d, e, f), the cell wall-bound
phenolics (CWPh; g, h, i), the low-molecular antioxidants (LMA;
j, k, l), and chlorophyll a in the leaves of studied cultivars. Black
squares – 7 days after the inoculation; gray circles – 14 days after
the inoculation. The lines represent linear adjustment at a proba-
bility level P<0.05
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(Arnold et al. 2004) playing a key role in defense
mechanisms during pathogenesis (Rusjan et al. 2012;
Hura et al. 2014a, b). The results of some recent studies
provided evidence that the high level of phenolic com-
pounds can be linked with low susceptibility of plants to
fungal infection (Mikulic-Petkovsek et al. 2014a, b).
This was confirmed by the results of the analyses of
phenolic compounds and low molecular antioxidants,
including also SPh (Table 3), and significant correla-
tions between the content of soluble carbohydrates and
SPh, CWPh and LMA for the resistant ‘Liclassic’ and
medium-resistant ‘Lisek’ cultivars (Fig. 5).
Increased content of cell wall-bound phenolics is one
of the defense mechanisms utilized by plants undergoing
biotic (El Modafar and El Boustani 2001; De Ascensao
and Dubery 2003;Mandal et al. 2009b) and abiotic stress-
es (Wakabayashi et al. 1997; Hura et al. 2012, 2013).
Phenolic compounds present in the cell wall form cross-
bridges between the cell wall carbohydrates, binding them
with ester and/or ether bonds. The more such phenolic
cross-bridges in the cell wall, the more compact it
becomes and the better antifungal protection it
provides (Fry 1982, 1987; Kamisaka et al. 1990).
It is worth adding that incorporation of the pheno-
lic compounds in the apoplast may limit the destruc-
tive action of ROS during pathogenesis, as the process
requires the presence of hydrogen peroxide (Fry 1982,
1987; Schopfer 1996; Mandal et al. 2009b).
Increased leaf water content was noticed in the resis-
tant ‘Liclassic’ and medium-sensitive ‘Lisek’ winter
rape cultivars (Table 2). Elevated content of the cell
wall-bound phenolics 7 and 14 days after the inoculation
in the resistant and medium-sensitive cultivars (Table 3)
could affect water relationships in the indirectly inocu-
lated leaves of oilseed winter rape. In both cultivars, an
increase in leaf water content corresponded to an in-
crease in CWPh content (Fig. 4). An increase in
phenolics in the cell walls influences its mechanical
properties. The cell wall becomes less stretchy, more
compact and tight with the increase in the content of cell
wall-bound phenolics (Wakabayashi et al. 1997). It is
possible to expect that accumulation of phenolic com-
pounds in the apoplast enhances a hydrophobic nature
of the cell wall, because it increases the number of
hydrophobic benzene rings in its structure, thus making
it less permeable to water. The hydrophobic environ-
ment of the apoplast might significantly inhibit the water
transport from the symplast to the apoplast and limit the
capillary transport of water within the apoplast (Hura
et al. 2012, 2013). Therefore, it should be taken into
account that the hydrophobic environment of the
apoplast can induce effective water management, which
involves the retention of water in the symplast being the
metabolically active cell structure at the cost of dead
apoplast structure. Increased LWC negatively correlated
with the content of soluble carbohydrates in ‘Liclassic’
cultivar, and positively in ‘Lisek’ plants (Fig. 2). In
‘Liclassic’ cultivar higher content of SC, as osmotically
active substances, correlated with an increase in the os-
motic potential (Fig. 3) and could be, in addition to cell
wall reinforcement by phenolic compounds, another pro-
cess enabling water retention in the cell. In our opinion,
higher cellular water content could be an important
factor improving the effectiveness of enzymatic
and non-enzymatic antioxidants and the solubility
of the primary and secondary metabolites.
Summing up, the study indicates a relationship between
the content of chlorophyll a and the level of primary and
secondary metabolites in oilseed winter rape inoculated
with L. maculans spores. In the resistant cultivar of winter
rape increased content of chlorophyll a during the patho-
genesis can be considered to be an important factor directly
influencing carbohydrate level, and indirectly affecting the
performance of defense mechanisms related to the level of
phenolic compounds and low-molecular antioxidants. The
level of cell-wall bound phenolics that seal the cell wall
and prevent water loss through metabolically active
symplast seems to be an important indicator of plant
resistance in Brassica napus - L. maculans pathosystem.
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Table 5 Average severity index (ASI) calculated according to the
visual scale (0–5) of fungal infection
ASI Result description
‘Bojan’ 3.64±0.25 a half or more than three-quarters of
the leaves with disease symptoms
‘Liclassic’ 1.15±0.18 b trace symptoms of infection
‘Lisek’ 2.11±0.10 c less than half of the leaves infected
Disease symptoms were estimated 35 days after the inoculation
with L. maculans spores. Data are means±SE. Means indicated
with the same letters are not significantly different (P=0.05).
Eur J Plant Pathol (2015) 143:291–303 301
References
Abuamsha, R., Salman, M., & Ehlers, R. U. (2011). Effect of seed
priming with Serratia plymuthica and Pseudomonas
chlororaphis to control Leptosphaeria maculans in different
oilseed rape cultivars. European Journal of Plant Pathology,
130, 287–295.
Arnold, T., Appel, H., Patel, V., Stocum, E., Kavalier, A., &
Schultz, J. (2004). Carbohydrate translocation determines
the phenolic content of Populus foliage: a test of the sink-
source model of plant defense. New Phytologist, 164, 157–
164.
Ashwell, G. (1957). Colorimetric analysis of sugars. Methods in
Enzymology, 3, 471–476.
Chou, H. M., Bundock, N., Rolfe, S. A., & Scholes, J. D. (2000).
Infection of Arabidopsis thaliana leaves with Albugo candi-
da (white blister rust) causes a reprogramming of host me-
tabolism. Molecular Plant Pathology, 1, 99–113.
Dawidziuk, A., Kaczmarek, J., & Jędryczka, M. (2012). The effect
of winter weather conditions on the ability of pseudothecia of
Leptosphaeria maculans and L. biglobosa to release asco-
spores. European Journal of Plant Pathology, 134, 329–343.
De Ascensao, A. R. F. D. C., & Dubery, I. A. (2003). Soluble and
wall-bound phenolics and phenolic polymers in Musa
acuminata roots exposed to elicitors from Fusarium
oxysporum f.sp. cubense. Phytochemistry, 63, 679–686.
Doke, N., & Ohashi, Y. (1988). Involvement of an O2
•– generating
system in the induction of necrotic lesions on tobacco leaves
infected with tobacco mosaic virus. Physiological and
Molecular Plant Pathology, 32, 163–175.
El Modafar, C., & El Boustani, E. (2001). Cell wall-bound phe-
nolic acid and lignin contents in date palm as related to its
resistance to Fusarium oxysporum. Biologia Plantarum, 44,
125–130.
Fink, W., Liefland, M., & Mendgen, K. (1988). Chitinases and β-
1,3-glucanases in the apoplastic compartment of oat leaves
(Avena sativa L.). Plant Physiology, 88, 270–275.
Fry, S. C. (1982). Phenolic components of the primary cell wall.
Biochemical Journal, 203, 493–504.
Fry, S. C. (1987). Intercellular feruloylation of pectic polysaccha-
rides. Planta, 171, 205–211.
Gupta, P., Ravi, I., & Sharma, V. (2013). Induction of β-1,3-
glucanase and chitinase activity in the defense response of
Eruca sativa plants against the fungal pathogen Alternaria
brassicicola. Journal of Plant Interactions, 8, 155–161.
Hammond, K. E., & Lewis, B. G. (1987). The establishment of
systemic infection in leaves of oilseed rape by Leptosphaeria
maculans. Plant Pathology, 36, 135–147.
Hartman, C. L., McCoy, T. J., & Knous, T. R. (1984).
Selection of alfalfa (Medicago sativa) cell lines and
regeneration of plant resistant to the toxin(s) produced by
Fusarium oxysporum f. sp. medicaginis. Plant Science
Letters, 34, 183–194.
Hayward, A., McLanders, J., Campbell, E., Edwards, D., &
Batley, J. (2012). Genomic advances will herald new insights
into the Brassica: Leptosphaeria maculans pathosystem.
Plant Biology, 14, 1–10.
Hörtensteiner, S. (2004). In vitro antioxidant activity of non-
cultivated vegetables of ethnic Albanians in southern.
Planta, 219, 191–194.
Hura, T., Hura, K., Dziurka, K., Ostrowska, A., Bączek-Kwinta,
R., & Grzesiak, M. T. (2012). An increase in the content of
cell wall-bound phenolics correlates with the productivity of
triticale under soil drought. Journal of Plant Physiology, 169,
1728–1736.
Hura, T., Hura, K., Ostrowska, A., Grzesiak, M., & Dziurka, K.
(2013). The cell wall-bound phenolics as a biochemical
indicator of soil drought resistance in winter triticale. Plant,
Soil and Environment, 59, 189–195.
Hura, K., Hura, T., Bączek-Kwinta, R., Grzesiak, M., & Płażek, A.
(2014a). Induction of defense mechanisms in seedlings of
oilseed winter rape inoculated with Phoma lingam
(Leptosphaeria maculans). Phytoparasitica, 42, 145–154.
Hura, K., Hura, T., & Grzesiak, M. (2014b). Function of the
photosynthetic apparatus of oilseed winter rape under elici-
tation by Phoma lingam phytotoxins in relation to
carotenoid and phenolic levels. Acta Physiologiae
Plantarum, 36, 295–305.
Hura, K., Hura, T., Grzesiak, M., & Rapacz, M. (2014c). Early
detection of Phoma lingam infection in oilseed winter rape
before visible symptoms appear. Acta Biologica
Cracoviensia Series Botanica, 56, 59–65.
Hura, K., Hura, T., Dziurka, K., & Dziurka, M. (2014d).
Biochemical defense mechanisms induced in winter oilseed
rape seedlings with different susceptibility to infection with
Leptosphaeria maculans. Physiological andMolecular Plant
Pathology, 87, 42–50.
Hwang, B. K., Sunwoo, J. Y., Kim, Y. J., & Kim, B. S.
(1997). Accumulation of β-1,3-glucanase and chitinase
isoforms, and salicylic acid in the DL-β-amino-n-butyric
acid-induced resistance response of pepper stems to
Phytophthora capsici. Physiological and Molecular Plant
Pathology, 51, 305–322.
Jędryczka, M., Starzycki, M., Lewartowska, E., & Frencel, I.
(1991). Studies of in vitro toxic effect of Phoma lingam
(Tode ex Fr.) Desm. culture filtrate on winter oilseed rape
(Brassica napus L.) haploid embryos. International
Organization for Biological and Integrated Control – West
Palaearctic Regional Section Bulletin, 14, 196–204.
Jindřichová, B., Fodor, J., Šindelářová, M., Burketová, L., &
Valentová, O. (2011). Role of hydrogen peroxide and
antioxidant enzymes in the interaction between a
hemibiotrophic fungal pathogen, Leptosphaeria maculans,
and oilseed rape. Environmental and Experimental Botany,
72, 149–156.
Kamisaka, S., Takeda, S., Takahashi, K., & Shibata, K. (1990).
Diferulic and ferulic acid in the cell wall ofAvena coleoptiles:
their relationships to mechanical properties of the cell wall.
Physiologia Plantarum, 78, 1–7.
Krishnaveni, S., Muthukrishnan, S., Liang, G. H., Wilde, G., &
Manickam, A. (1999). Induction of chitinases and β-1,3-
glucanases in resistant and susceptible cultivars of sorghum
in response to insect attack, fungal infection and wounding.
Plant Science, 144, 9–16.
Legrand, M., Kauffmann, S., Geoffroy, P., & Fritig, B. (1987).
Biological function of pathogenesis-related proteins: Four
tobacco pathogenesis-related proteins are chitinases.
Proceedings of the National Academy of Sciences of the
United States of America, 84, 6750–6754.
Lichtenthaler, H. K., & Wellburn, R. R. (1983). Determination of
total carotenoids and chlorophylls a and b of extracts in
302 Eur J Plant Pathol (2015) 143:291–303
different solvents. Biochemical Society Transactions, 603,
591–592.
Liu, Z., Latunde-Dada, A. O., Hall, A. M., & Fitt, B. D. L. (2014).
Phoma stem canker disease on oilseed rape (Brassica napus)
in China is caused by Leptosphaeria biglobosa ‘brassicae’.
European Journal of Plant Pathology, 140, 841–857.
Mandal, K., Saravanan, R., Maiti, S., & Kothari, I. L. (2009a).
Effect of downy mildew disease on photosynthesis and chlo-
rophyll fluorescence in Plantago ovata Forsk. Journal of
Plant Diseases and Protection, 116, 164–168.
Mandal, S., Mitra, A., & Mallick, N. (2009b). Time course study
on accumulation of cell wall-bound phenolics and activities
of defense enzymes in tomato roots in relation to Fusarium
wilt. World Journal of Microbiology and Biotechnology, 25,
795–802.
Mauch, F., Mauch-Mani, B., & Boller, T. (1988). Antifungal
hydrolases in pea tissue. II. Inhibition of fungal growth by
combinations of chitinase and β-1,3-glucanase. Plant
Physiology, 88, 936–942.
Mayer, A.M., Staples, R. C., &Gil-Ad, N. L. (2001).Mechanisms
of survival of necrotrophic fungal plant pathogens in hosts
expressing the hypersensitive response. Phytochemistry, 58,
33–41.
Mikulic-Petkovsek, M., Schmitzer, V., Jakopic, J., Cunja, V.,
Veberic, R., Munda, A., & Stampar, F. (2014a).
Colletotrichum lindemuthianum infection causes changes in
phenolic content of French green bean pods. Scientia
Horticulturae, 170, 211–218.
Mikulic-Petkovsek, M., Schmitzer, V., Stampar, F., Veberic, R., &
Koron, D. (2014b). Changes in phenolic content induced by
infection with Didymella applanata and Leptosphaeria
coniothyrium, the causal agents of raspberry spur and cane
blight. Plant Pathology, 63, 185–192.
Moriondo, M., Orlandini, S., Giuntoli, A., & Bindi, M. (2005).
The effect of downy and powderymildew on grapevine (Vitis
vinifera L.) leaf gas exchange. Journal of Phytopathology,
153, 350–357.
Mur, L. A. J., Aubry, S., Mondhe, M., Kingston-Smith, A.,
Gallagher, J., Timms-Taravella, E., et al. (2010).
Accumulation of chlorophyll catabolites photosensitizes the
hypersensitive response elicited by Pseudomonas syringae in
Arabidopsis. New Phytologist, 188, 161–174.
Nelson, N. (1944). A photometric adaptation of the Somogyi
method for the determination of glucose. The Journal of
Biological Chemistry, 153, 375–380.
Oliver, R. P., & Solomon, P. S. (2010). New developments in
pathogenicity and virulence of necrotrophs. Current
Opinion in Plant Biology, 13, 415–419.
Pieroni, A., Janiak, V., Durr, C. M., Ludek, S., Trachsel, E., &
Heinrich, M. (2002). In vitro antioxidant activity of non-
cultivated vegetables of ethnic Albanians in southern Italy.
Phytotherapy Research, 16, 467–473.
Pruzinska, A., Tanner, G., Aubry, S., Anders, I., Moser, S.,
Muller, T., et al. (2005). Chlorophyll breakdown in
senescent Arabidopsis leaves. Characterization of chlo-
rophyll catabolites and of chlorophyll catabolic enzymes
involved in the degreening reaction. Plant Physiology, 139,
52–63.
Rasmussen, J. B., & Sheffer, R. P. (1988). Effects of selective toxin
from Helmintosporium carbonum on chlorophyll synthesis
in maize. Physiological and Molecular Plant Pathology, 32,
283–291.
Roberts, A. M., & Walters, D. R. (1988). Photosynthesis in dis-
crete regions of leek leaves infected with the rust, Puccinia
allii Rud. New Phytologist, 110, 371–376.
Rouxel, T., & Balesdent,M. H. (2005). The stem canker (blackleg)
fungus, Leptosphaeria maculans, enters the genomic era.
Molecular Plant Pathology, 6, 225–241.
Rusjan, D., Halbwirth, H., Stich, K., Mikulič-Petkovšek, M., &
Veberič, R. (2012). Biochemical response of grapevine vari-
ety ‘Chardonnay’ (Vitis vinifera L.) to infection with grape-
vine yellows (Bois noir). European Journal of Plant
Pathology, 134, 231–237.
Santiago, R., de Armas, R., Fontaniella, B., Vicente, C., & Legaz,
M. E. (2009). Changes in soluble and cell wall-bound
hydroxycinnamic and hydroxybenzoic acids in sugarcane
cultivars inoculated with Sporisorium scitamineum sporidia.
European Journal of Plant Pathology, 124, 439–450.
Šašek, V., Nováková, M., Dobrev, P. I., Valentová, O., &
Burketová, L. (2012). β-aminobutyric acid protects
Brassica napus plants from infection by Leptosphaeria
maculans. Resistance induction or a direct antifungal effect?
European Journal of Plant Pathology, 133, 279–289.
Scherer, N. M., Thompson, C. E., Freitas, L. B., Bonatto, S. L., &
Salzano, F. M. (2005). Patterns of molecular evolution in
pathogenesis-related proteins. Genetics and Molecular
Biology, 28, 645–653.
Scholes, J. D., & Farrar, J. F. (1986). Increased rates of photosyn-
thesis in localised regions of a barley leaf infected with brown
rust. New Phytologist, 104, 601–612.
Schopfer, P. (1996). Hydrogen peroxide-mediated cell-wall stiff-
ening in vitro in maize coleoptiles. Planta, 199, 43–49.
Singleton, V. S., & Rossi, J. A., Jr. (1965). Colorimetry of total
phenolics with phosphomolybdic-phosphotungstic acid re-
agents. American Journal of Enology and Viticulture, 16,
144–158.
Somogyi, M. (1952). Notes on sugar determination. The Journal
of Biological Chemistry, 195, 19–23.
Tanaka, A., & Tanaka, R. (2006). Chlorophyll metabolism.
Current Opinion in Plant Biology, 9, 248–255.
Tanaka, R., Hirashima, M., Satoh, S., & Tanaka, A. (2003). The
Arabidopsis-accelerated cell death gene ACD1 is involved in
oxygenation of pheophorbide a: inhibition of the pheophor-
bide a oxygenase activity does not lead to the ‘stay-green’
phenotype in Arabidopsis. Plant and Cell Physiology, 44,
1266–1274.
Torres, M. A. (2010). ROS in biotic interactions. Physiologia
Plantarum, 138, 414–429.
Wakabayashi, K., Hoson, T., & Kamisaka, S. (1997). Osmotic
stress suppresses cell wall stiffening and the increase in cell
wall-bound ferulic and diferulic acids in wheat coleoptiles.
Plant Physiology, 113, 967–973.
Zhao, D., Glynn, N. C., Glaz, B., Comstock, J. C., & Sood, S.
(2011). Orange rust effects on leaf photosynthesis and related
characters of sugarcane. Plant Disease, 95, 640–647.
Żur, I., Gołębiowska, G., Dubas, E., Golemiec, E., Matušíková, I.,
Libantová, J., & Moravčíková, J. (2013). β-1,3-glucanase
and chitinase activities in winter triticales during cold hard-
ening and subsequent infection by Microdochium nivale.
Biologia, 68, 241–248.
Eur J Plant Pathol (2015) 143:291–303 303
